exist to maintain PACAP pathway activity in PACAP knockout (KO) mice. Thus, we investigated the vasomotor effects of exogenous vasoactive intestinal peptide (VIP) and PACAP polypeptides in PACAP wild-type (WT) and PACAP-deficient (KO) male mice. Methods: Carotid and femoral arteries were isolated from 8-to 12-week-old male WT and PACAP-KO mice. Vasomotor responses were measured with isometric myography. Results: In the arteries of WT mice the peptides induced relaxations, which were significantly greater to PA-CAP1-38 than to PACAP1-27 and VIP. In KO mice, PACAP1-38 did not elicit relaxation, whereas PACAP1-27 and VIP elicited significantly greater relaxation in KO mice than in WT mice. The specific PAC1R and VPAC1R antagonist completely blocked the PACAP-induced relaxations. Conclusion: Our data suggest that in PACAP deficiency, backup mechanisms maintain arterial relaxations to polypeptides, indicating an important physiological role for the PACAP pathway in the regulation of vascular tone. Pituitary adenylate cyclase-activating polypeptide (PACAP) is a multifunctional neuropeptide in the VIP/secretin/glucagon peptide superfamily. Two active forms, PACAP1-38 and PACAP1-27, act through G proteincoupled receptors, the PAC1 and VPAC1/2 receptors. Effects of PACAP include potent vasomotor activity. Vasomotor activity and organ-specific vasomotor effects of PACAP-deficient mice have not yet been investigated; thus, the assessment of its physiological importance in vasomotor functions is still missing. We hypothesized that backup mechanisms
Introduction
Pituitary adenylate cyclase-activating polypeptide (PACAP) is a neuropeptide with a diverse array of biological functions in many tissues and organs [1] . PACAP occurs in 2 biologically active forms, PACAP1-38 and PACAP1-27, with the former being the dominant form in mammalian tissues [1] . PACAP1-27 shares 68% identity with vasoactive intestinal peptide (VIP), which identifies PACAP as a member of the VIP-secretin-GHRHglucagon superfamily [2] [3] [4] . PACAP acts through G protein-coupled receptors, the specific PAC1 receptor (PAC1R), and the VPAC1/VPAC2 receptors (VPAC1R and VPAC2R). VPAC receptors also bind VIP and PA-CAP with similar affinity [1, [5] [6] [7] . The PACAP polypeptides and their receptors are widely expressed in the central nervous system [8, 9] and in peripheral organs, including blood vessels [1, 10] . Numerous different functions have been described, such as the control of neurotransmitter release, activation of intestinal motility, influence on hormonal secretion, immune modulation, and stimulation of cell proliferation/differentiation/survival [1] . The widespread occurrence and the involvement in phylo genetically conserved processes suggest that this peptide exerts essential biological functions [11] [12] [13] . The PACAP polypeptides have multifaceted roles in the vascular system: their vasodilator activity and antioxidant properties have already been recognized [1] . In addition, PACAP exerts an important angiogenic capacity, as shown in cerebromicrovascular endothelial cells, which seems to decline with age [14] , further underlying important physiological roles of PACAP signaling.
Although some data show that PACAP is able to exert a hypertensive action through the systemic release of catecholamines [15, 16] , PACAP, similarly to VIP, is considered a potent vasorelaxant peptide [17, 18] , causing a decrease in the mean arterial blood pressure [17, 19] . The vasodilator activity of PACAP has been recorded in vessels of various organs in mice [20] , rats [21] [22] [23] , cats [15, 24] , rabbits [25] , dogs [21] , pigs [18] , and humans [26] . These actions are mediated through all 3 PACAP receptors, which are highly expressed (alone/combined or all together) in the aorta [27] , mesenteric [25] , coronary [28] , cranial arteries [10] , pulmonary vascular bed [15] , and many other blood vessels [1, 29] . However, they are localized mainly in arteries and arterioles [25, 30] .
The endogenous role of PACAP has been studied using PACAP-deficient mice (knockout; KO) [31] . It has been shown that PACAP-deficient mice have biochemical and metabolic abnormalities, behavioral alterations, and increased sensitivity to oxidative stress or in combination with other injuries (kidney and retinal ischemia, reduced immune response) resulting in a higher mortality rate [32] . The cardiovascular system is also altered in PACAP-deficient mice, as indicated by decreased cardiac function (measured with echocardiography), increased fibrosis, and myocardial degenerative changes (abnormal cardiomyocytes) [33] . Markovics et al. [20] reported a reduced dilatator ability of meningeal arteries. However, it has not yet been demonstrated whether lack of PACAP leads to changes in vasomotor responses, so the assessment of its physiological importance is still missing.
Thus, in the present study we hypothesized that the vasomotor responses of isolated arteries will be altered in the absence of the PACAP protein in PACAP KO mice. Therefore, we aimed at investigating the relaxations of carotid (CA) and femoral (FA) arteries of PACAP wildtype (WT) and KO mice in response to cumulative doses of PACAP1-38, PACAP1-27, and VIP.
Methods

Animals
Experiments were performed on 8-to 12-week-old male PACAP-KO mice on a CD-1 background and their WT littermates [31] . A total of 45 animals were studied. At the time of the experiments, the average weight of WT mice was 36.9 ± 0.8 g and that of KO mice was 35.5 ± 0.4 g (the difference was not significant). Animal breeding, housing, and care, and the application of experimental procedures were conducted under approved protocols in accordance with ethical guidelines (University of Pecs; BA02/2000-15024/2011).
Surgery
The common CA and the proximal part of the FA were isolated using an Olympus surgical microscope (model SZX7; Olympus Inc., Tokyo, Japan) under anesthesia induced by the intraperitoneal injection of a ketamine (Gedeon Richter Plc., Budapest, Hungary) and xylazine (Eurovet Animal Health B.V., Bladel, The Netherlands) mixture (81.7 and 9.3 mg/kg, respectively). The proximal and distal ends of the isolated segment were ligated, the vessel was excised between the ligations and then transferred to refrigerated Krebs solution. Both sides of the CA and FA were used. After the removal of the arteries, the animal was euthanized with an intraperitoneal injection of pentobarbital (100 mg/kg; Ceva Sante Animale, Libourna, France).
Pharmacological Agents
The vasomotor function of vessels was studied in response to cumulative doses of PACAP1-38 and PACAP1-27 (from 10 -9 to 10 -6 M ), which were synthesized as previously described [34] , and VIP from 10 -9 to 10 -6 M (Bachem, Bubendorf, Switzerland). Furthermore, selective agonists for PAC1R (maxadilan; Tocris Bioscience, Bristol, UK), VPAC1R (Ala 11, 22, 28 VIP; Bachem), and VP-AC2R (Bay55-9837; Bachem) receptors were also used from 10 -10 to 10 -7 M . Antagonists of PAC1R/VPAC2R (PACAP6-38, 10 -7 M ), selective PAC1R (M65, 10 -7 M ), and selective VPAC1R (VIP6-28, 10 -7 M ) were also used (Bachem). To test endothelium-dependent and endothelium-independent reactions, ACh and SNP (sodium nitroprusside) were administrated (10 -9 to 10 -6 M ). The administration of polypeptides was performed as follows: diluted polypeptides were added into a chamber containing 5 mL of Krebs solution with a micropipette to the intended final concentration (50 μL of 10 -8 to 10 -4 M of peptide added to the 5-mL chamber, resulting in a 10 -10 to 10 -6 M concentration of polypeptide).
All drugs were dissolved in distilled water, with the exception of Ala 11, 22, 28 VIP, which was dissolved in 0.1 M of acetic acid. When only the solvent (distilled water or acetic acid) was applied, there was no change in isometric force. Changes in the vasomotor activity were measured by the difference compared to the maximal contraction induced by 60 m M of KCl (used to establish a basal tone) for each administered drug, artery, and genotype of mice.
Measurement of the Isometric Force of Isolated Arteries
The preparation and measurement of the isometric force of isolated CA and FA was performed according to Mulvany and Halpern [35] . After removal of the CA and FA they were quickly transferred into cold oxygenated (95% O 2 /5% CO 2 Louis, MO, USA), unless specified otherwise. The arteries were dissected into 2-mm-long rings. Each ring was positioned between 2 tungsten wires (wire diameters were 0.04 mm for CA and 0.02 mm for FA) in a 5-mL Krebs bath solution. The bath solution was continuously oxygenated with a gas mixture of 95% O 2 and 5% CO 2 , and maintained at 36.9 ± 0.1 ° C.
Isometric contraction forces were measured with a DMT 610 M Wire Myograph (Danish Myo Technology, Aarhus, Denmark). Normalization was performed according to Mulvany and Halpern [35] . LabChart 8 (AD Instruments, Dunedin, New Zealand) and Myodaq 2.01 (Danish Myo Technology) software were used for data acquisition and display, as described previously [23] . After normalization, vessels were allowed to stabilize for 60 min, then 60 m M of KCl was administered to establish a tone [23, 36] . Once the vessel reached the plateau phase, the chosen drug was tested.
RT-PCR Analysis
Tissues were cryoground in liquid nitrogen and dissolved in Trizol (Applied Biosystems, Foster City, CA, USA), and after the addition of 20% RNase-free chloroform the samples were centrifuged at 4 ° C at 10,000 g for 15 min. The samples were incubated in 500 μL of RNase-free isopropanol at -20 ° C for 1 h then total RNA was harvested in RNase-free water and stored at -20 ° C. The assay mixture for reverse transcriptase reaction contained 2 μg of RNA, 0.112 μ M of oligo(dT), 0.5 m M of dNTP, and 200 units of high-capacity RT (Applied Biosystems) in 1 × RT buffer. Table 1 for 1 min; extension, 72 ° C, 90 s) and then 72 ° C, 10 min. PCR products were analyzed by electrophoresis in 1.2% agarose gel containing ethidium bromide. Actin was used as the internal control. Signals were developed with a gel documentary system (FluorChem E; ProteinSimple, San Jose, CA, USA). The optical density of signals was measured using ImageJ 1.40 g freeware and the results were normalized to the optical density of control tissue.
Western Blot Analysis
Isolated FA and CA were washed in physiological NaCl solution then collected in 100 μL of homogenization RIPA (radio immunoprecipitation assay) buffer (150 m M sodium chloride, 1.0% NP40, 0.5% sodium deoxycholate, 50 m M Tris, pH 8.0) containing protease inhibitors (Aprotinin, 10 μg/mL), benzamidine (5 m M ), leupeptin (10 μg/mL), trypsine inhibitor (10 μg/mL), PMSF (1 m M ), EDTA (5 m M ), EGTA (1 m M ), Na-fluoride (8 m M ), and Naorthovanadate (1 m M ). The samples were stored at -70 ° C. Measurements were repeated 3 times for each vessel, isolated from WT and KO mice ( n = 3/group). Artery samples were first mechanically ground, then the suspensions were sonicated by a pulsing burst for 30 s at 40 A (Cole-Parmer, Vernon Hills, IL, USA). For Western blotting, total tissue lysates were used. Samples for SDS-PAGE were prepared by the addition of Laemmli electrophoresis sample buffer (4% SDS, 10% 2-mercaptoethanol, 20% glycerol, 0.004% bromophenol blue, 0.125 M Tris HCl pH 6.8) to tissue lysates to set an equal protein concentration of samples, and boiled for 10 min.
A total of 20 μg of protein was separated by 10% SDS-PAGE gel for the detection of PAC1, VPAC1, and VPAC2. Proteins were transferred electrophoretically to nitrocellulose membranes. After blocking in 5% nonfat dry milk in PBST (phosphate-buffered saline with 0.1% Tween 20; 20 m M Na 2 HPO 4 , 115 m M NaCl, pH 7.4), the membranes were washed and exposed to the primary antibodies overnight at 4 ° C. Polyclonal anti-PAC1 antibody (Sigma-Aldrich) in 1: 600, polyclonal anti-VPAC1 antibody (Alomone Labs, Jerusalem, Israel) in 1: 800, and polyclonal anti-VPAC2 antibody (Abcam, Cambridge, UK) in 1: 600 dilutions were used ( Table 2 ) . After washing 3 times for 10 min with PBST, the membranes were incubated with the secondary antibody, anti-rabbit IgG (Bio-Rad Laboratories, Hercules, CA, USA) in a 1: 1,500 dilution in PBST containing 1% nonfat dry milk for 2 h at room temperature. Signals were detected by enhanced chemiluminescence (Advansta Inc., Menlo Park, CA, USA) according to the instructions of the manufacturer. Actin was used as the internal control. The optical density of signals was measured using ImageJ 1.40 g freeware and the results were normalized to the optical density of control tissue. Signals were developed with a gel documentary system (Fluorchem E; ProteinSimple). ; a ) and KO (PACAP -/-; b ) mice. At the end of the experiment, sodium nitroprusside (SNP:10 -5 M ) was administrated to check the maximum relaxant capacity of arteries.
Statistical Analysis
All data collected as time series were compared across genotypes and dose points by 2-way ANOVA (Tukey post hoc). All data were collected as single-point measurements. For Western blot analysis, the Student t test was used. Analyses were performed using Sigma Plot 12.5 (Systat, Chicago, IL, USA). Differences were considered significant at p < 0.05. Data are reported as the mean ± SE. Additional information can be found in the online supplementary material (see www.karger.com/doi/10.1159/000457798 for all online suppl. material).
Results
Effect of Cumulative Doses of PACAP1-38, PACAP1-27, and VIP on the Isometric Force Development of Isolated Arteries
First, we obtained the responses of arteries to PA-CAP1-38, PACAP1-27, and VIP in WT and KO mice. Original records ( Fig. 1 ) and summary data ( Fig. 2 ) show the vasomotor effects to the cumulative doses of PA- CAP1-38, PACAP1-27, and VIP in the isolated CA ( Fig. 2 a-c ) of WT and KO mice. In the arteries of WT mice, PACAP1-38 (10 -8 to 10 -6 M ) elicited a significantly greater dose-dependent relaxation than PACAP1-27 and VIP. In contrast, PACAP1-27 and VIP ( Fig. 2 b, c) elicited significantly greater dose-dependent relaxations of arteries from KO mice that of WT mice, whereas in arteries from KO mice, PACAP1-38-induced relaxations were significantly reduced (only the highest dose resulted in relaxation; Fig. 2 a) . In FA of WT and KO mice, PACAPand VIP-induced responses were similar to those of CA ( Fig. 2 d-f ). 11, 22, 28 
Effect of Cumulative Doses of Maxadilan, Ala
VIP, and Bay55-9837 on the Isometric Force Development of Isolated Arteries
Summary data show the vasomotor effects of cumulative doses of receptor agonists in the CA ( Fig. 3 a-c) and FA ( Fig. 3 d-f ) of WT and KO mice and their responses in the presence of selective blockers. Maxadilan induced significant and similar relaxations of CA (10 -7 M ) and FA (10 -8 to 10 -7 M ) isolated from WT and KO mice ( Fig. 3 a, d) . However, the presence of M65 had no effect on vasomotor response to maxadilan-induced relaxation in either CA or FA. Ala 11, 22, 28 VIP elicited a significant relaxation in the arteries of WT mice (10 -7 M ), whereas it elicited no response in arteries from KO mice ( Fig. 3 b, e) . A significant difference in the response between WT and KO mice was found at the 2 highest doses (10 -8 to 10 -7 M ). Moreover, the selective blocker VIP6-28 blocked the Ala 11,22,28 VIP-induced relaxation, which was significant at the 2 highest doses of Ala 11,22,28 VIP (10 -8 to 10 -7 M ). Bay55-9837 did not elicit a significant vasomotor response in the arteries from WT or KO mice ( Fig. 3 c, f) .
Effect of Cumulative Doses of PACAP1-38, PACAP1-27, and VIP on the Isometric Force Development of Isolated Arteries in the Presence of M65
Summary data show the effect of cumulative doses of PACAP1-38, PACAP1-27, and VIP in the presence of M65 in the CA ( Fig. 4 a-c) and FA ( Fig. 4 d-f ) of WT and KO mice. The presence of M65 significantly reduced PA- CAP1-38-induced relaxations of arteries from WT mice (up to 10 -6 M ), whereas it did not affect the arterial responses of KO mice ( Fig. 4 a, d ). M65 significantly reduced PACAP1-27-induced relaxations of arteries from WT mice, and also eliminated the increased arterial responses of KO mice ( Fig. 4 b, e) . M65 significantly reduced VIP-induced relaxations of arteries from KO mice (10 -8 to 10 -6 M ), whereas it did not significantly affect the arterial responses of WT mice ( Fig. 4 c, f) .
Effect of Cumulative Doses of PACAP1-38, PACAP1-27, and VIP on the Isometric Force Development of Isolated Arteries in the Presence of VIP6-28
Summary data show the effect of cumulative doses of PACAP1-38, PACAP1-27, and VIP in the presence of VIP6-28 in the CA ( Fig. 5 a, c) and FA ( Fig. 5 c, f) of WT and KO mice. The presence of VIP6-28 significantly reduced PACAP1-38-induced relaxations of arteries from WT mice, whereas it did not affect the already reduced arterial responses of KO mice ( Fig. 5 a, d ). VIP6-28 significantly reduced PACAP1-27-induced relaxations of arteries from WT mice, and also eliminated the increased arterial responses of KO mice ( Fig. 5 b, e) . VIP6-28 significantly blocked VIP-induced relaxations of arteries from KO mice (10 -9 to 10 -6 M ), whereas it did not significantly affect the arterial responses of WT mice ( Fig. 5 c, f) .
Expression Levels of PAC1, VPAC1, and VPAC2 in the Arteries of WT and KO Mice
The protein and mRNA expressions of PAC1, VPAC1, and VPAC2 were measured in CA and FA of WT and KO mice. We detected a weak mRNA signal of PAC1 in the arteries in both groups. Statistical analysis ( t test, * p < 0.05 vs. control) showed significantly reduced PAC1 expression levels in the arteries of KO mice, in both CA and FA. The expression of VPAC1R was shown in all groups of arteries in WT and KO mice, whereas the expression of VPAC2R was not detected in either group ( Fig. 6 ). Protein levels, as detected by Western blot (suppl. Fig. 4 .), corresponded with the mRNA levels -a significant reduction of PAC1R was found in KO mice (CA 0.2, and FA 0.6; p < 0.05 vs. WT), whereas VPAC1 did not change, and VPAC2 was not detected in either group.
Effect of Cumulative Doses of PACAP1-38, PACAP1-27, and VIP on the Isometric Force Development of Isolated Arteries in the Presence of Cumulative Pharmacological Blockade of PAC1R, VPAC1R, and VPAC2R (PACAP6-38)
Cumulative doses of PACAP1-38, PACAP1-27, and VIP did not elicit changes in the vasomotor tone of arteries in the presence of antagonist PACAP6-38 (online suppl. Fig. 1 ).
KCl-Induced Constrictions of Arteries
KCl (60 m M ) elicited contractions of arteries, which were significantly greater in the arteries of KO mice (online suppl. Fig. 2a) .
Relaxations Induced by Endothelium-Dependent and -Independent Agonists
ACh (an endothelium-dependent agent) and SNP (an endothelium-independent agent) elicited relaxations of arteries isolated from WT and KO mice. The SNPinduced relaxations were significantly greater in both arteries of WT mice compared to the KO mice (at 10 -7 M and 10 -6 M ), whereas the magnitude of ACh-induced responses were not different (online suppl. Fig. 2b, c) . 
Discussion
The novel findings of the present study are: (1) PA-CAP1-38 elicited significantly greater relaxations in the arteries of WT mice than PACAP1-27 and VIP; (2) in contrast, PACAP1-38 did not induce relaxation in the arteries of KO mice, whereas PACAP1-27 and VIP induced significantly greater relaxations compared to the arterial responses of WT mice; (3) maxadilan, a selective PAC1R agonist, elicited arterial relaxations in both WT and KO mice, whereas Ala 11, 22, 28 VIP, a selective VPAC1R agonist, elicited arterial relaxations only in WT mice; and (4) in the arteries of WT mice, both selective antagonists (PAC1R and VPAC1R) reduced the relaxations to PA-CAP and VIP, whereas, in the arteries of KO mice, PAC1R antagonist reduced the relaxations and VPAC1R antagonist blocked the relaxations induced by PACAP and VIP.
PACAP-and VIP-Induced Vasomotor Responses in Arteries from WT and KO Mice
The polypeptide PACAP has been shown to be a multifunctional molecule with several regulatory roles [1, 37] . These diverse functions also include potent vasomotor effects [17, 18] . There are studies showing relaxations to both PACAP isoforms and VIP in vessels of different origin, such as carotid [23] , pulmonary [24] , mesenteric and coronary [38] , meningeal [20] , cerebral and intracerebral [21, 22] , and middle cerebral arteries [10] of various species. Similarly, we also observed relaxations, which were significantly greater in response to PACAP1-38 as compared to PACAP1-27 and VIP in both arteries of WT mice. These findings confirmed the observation of Huang et al. [38] , who showed that PACAP1-38 elicited the greatest dilator response in rat mesenteric arteries. However, the same authors also found that PACAP1-38 was less potent than VIP or PACAP1-27 in porcine coronary arteries, suggesting region-specific PACAP signaling in vasomotor responses. Indeed, vessels originating from different regions can respond to the same stimulus with different magnitudes [23] , or react differently even if vessels are from the same organ, such as the brain [10] . Although different in origin, CA and FA are considered to be "large arteries" as compared to "small" brain arteries, for example. Region-specific responses have also been observed by others [22, 23, 38, 39] , which may be due to different/similar sensitivities to PACAP isoforms showing an important region specificity [39] of arteries, reflecting different requirements of blood supply to different regions.
The genetic modification allows the assessment of endogenous regulatory functions of PACAP isoforms by PACAP-induced responses of KO mice. Like in WT, PA-CAP and VIP induce relaxation in KO mice, but in a different pattern. We found a "biological switch" between PACAP1-38 and PACAP1-27/VIP, meaning that PA-CAP1-27/VIP took over the physiological response, i.e., relaxation from PACAP1-38. Although PACAP is not present in KO mice, the identical responses of PA-CAP1-27 (exogenously administrated) and VIP (since their structure is 68% identical [1] ) indicate the importance of backup mechanisms that are switching to the VIP system.
Only recent reports address the cardiovascular consequences of PACAP deficiency [20, 32] , showing that lack of PACAP causes developmental defects and impaired protection against harmful stimuli. In contrast, there are no reports yet regarding the effects of PACAP in the peripheral vasculature of PACAP-deficient mice.
Role of PAC1, VPAC1, and VPAC2Rs in Vasomotor Responses
The distribution of PACAP/VIP receptors can vary greatly in different organs and even within the same organ [1] . Vessel walls are highly innervated by PACAP-containing nerve fibers, and a high density of PACAP/VIP binding sites has been reported in the arteries of humans and rats [1, 10, 22, 40, 41] . However, the presence of PAC1, VPAC1, and VPAC2 in peripheral arteries of mice and their roles in the vasomotor response are less known.
In the present study, using maxadilan, we showed the involvement of PAC1R in mediating the vasomotor activity of PACAP, confirming the findings of others [1, 23] . Relaxations elicited by maxadilan were similar in the arteries of WT and KO mice, despite the differences in mRNA and protein levels of PAC1Rs. It is unclear why maxadilan induced a similar magnitude of response, but it could be due to its greater potency [1] . This is not unexpected since Otto et al. [42] have already shown the crucial importance of PAC1R in maintaining vascular tone, indicating the presence of PAC1Rs. In addition, PA-CAP regulates PAC1R expression [43, 44] , and absence of PACAP protein could be the reason for the differences in mRNA expression and protein levels between the arteries of WT and KO mice (and also for the different responses to PACAP1-38, but not to maxadilan). Hoover et al. [45] showed that both maxadilan and PACAP1-27 activate PAC1R located on cardiac neurons; however, they differ in downstream signaling, indicating their importance. This suggests that PAC1R could be modified with its potency preserved. Interestingly, maxadilan-induced relaxations were not affected by M65, an inhibitor of PAC1R, possibly because maxadilan is several thousand-fold more potent than M65, or due to the existence of splice variants [1] with different affinities for maxadilan and M65. One can also assume that maxadilan may not be selective enough [46] .
The arteries of WT mice also responded with relaxations to a selective VPAC1R agonist, confirming the presence of a receptor. Another study also reported the presence of this receptor in mice in different tissues of the central nervous system [47] , indicating the importance of VPAC1R. Although the mRNA and protein levels revealed no difference between the arteries of WT and KO mice, the vasomotor response to the agonist (Ala 11, 22, 28 VIP) was absent in KO mice. We propose that the absence of PACAP protein elicits alternations in either the function or signaling pathway of VPAC1R, which is reflected in different responses to agonists and, consequently, in different responses of arteries of WT and KO mice. Importantly, PACAP, compared to VIP, has greater potential for regulation of the expression of PACAP/ VIP receptors [43] , which can be altered by lack of PA-CAP in favor of VIP. It seems, however, that VPAC2R does not play a role in PACAP-and VIP-induced vasomotor responses of peripheral arteries.
We made a novel observation with PACAP isoforms and VIP in the presence of PAC1R and VPAC1R antagonists, indicating that in WT mice the PACAP-and VIPinduced relaxations of arteries most likely need both PAC1R and VPAC1R to achieve a maximal response. In addition, in PACAP deficiency, the VPAC1R may undergo conformational changes, allowing a more effective binding of VIP ( Fig. 7 ) , which may explain why the blockade of PAC1R results in the reduction of relaxation and the blockade of VPAC1R results in the abolishment of relaxation. Nevertheless, these findings indicate that when PACAP is present, arterial relaxations are mediated primarily via VPAC1R, as shown previously [10] .
KCl-Induced Tone of Arteries of WT and KO Mice
We used KCl to test the contractile abilities of arteries because it elicits responses without receptor mediation, which may change in various conditions and species [36] . KCl induced greater arterial tone, which could be due to increased oxidative stress [48] , shown to be present in KO mice [31] , and/or due to the absence of PACAP, which can interfere with the vasomotor properties of arteries by reducing cAMP activity, which is normally activated by PACAP [49] . The increased tone elicited by KCl and/or oxidative stress could also be responsible for reduced responses of arteries of KO mice to the NO donor SNP. These findings could have physiological importance since PACAP can provide a counterbalance mechanism for vasoconstriction, as manifested by many pathological conditions [31] , such as the presence of hypertension in PAC1R -/-mice [42] . [50] , PACAP and VIP bind to PAC1R/VPAC1R, the G protein-coupled receptors, and stimulate cAMP/PKA, promoting vasodilatation. PACAP polypeptides bind to both receptors, while VIP binds only to VPAC1R (or VIP to PAC1 at >500 n M ) [1] . Increased and reduced relaxations to polypeptides are marked with thicker and thinner arrows, respectively, as compared to PACAP1-38. Lower panel: in PACAP-deficient mice, PACAP1-38 does not elicit relaxations, whereas PACAP1-27 and VIP elicit greater relaxations. This could be explained by previous findings [2] [3] [4] that the molecular structure of PACAP1-27 and VIP are 68% similar, thus PACAP1-27 can mimic VIP (and thus induces relaxation), and exogenous polypeptides can elicit relaxation in PACAP deficiency. Our data suggest that endogenous VIP can bind not only to VPAC1R, but also to PAC1R. Increased, reduced, or absent relaxations to polypeptides are marked with thicker, thinner, or dashed arrows, respectively (as compared to the PA-CAP WT mice).
Color version available online
Conclusions
This study is the first to show the vasomotor effects of exogenous PACAP1-38, PACAP1-27, and VIP polypeptides in peripheral arteries isolated from PACAP-deficient mice, in which relaxations of arteries to PACAP1-38 were absent, whereas relaxations to PACAP1-27 and VIP were augmented. The vasomotor responses to these polypeptides were mediated by PAC1 and VPAC1Rs, the activities of which were dependent on the presence of endogenous PACAP. Thus, in PACAP deficiency, peripheral arteries switch the preferential relaxations from PACAP1-38 to PACA1-27 and VIP, thereby maintaining their vasomotor function, indicating the physiological importance and presence of backup mechanisms in the PACAP pathway.
